It is well-established that exercise diminishes cardiovascular risk, but whether humoral factors secreted by muscle confer these benefits has not been conclusively shown. We have shown that the secreted protein follistatin-like 1 (Fstl1) has beneficial actions on cardiac and endothelial function. However, the role of muscle-derived Fstl1 in proliferative vascular disease remains largely unknown. Here, we investigated whether muscle-derived Fstl1 modulates vascular remodelling in response to injury.
Introduction
Atherosclerotic vascular diseases including coronary artery disease are the major causes of morbidity and mortality worldwide. 1 Pathological remodelling of vascular wall is a crucial characteristic during the development of various vascular diseases including atherosclerosis, in-stent restenosis, vein graft stenosis, and vasculopathy after transplantation. 2 -4 Vascular smooth muscle cell (SMC) proliferation and migration contribute to the neointimal formation and vessel stenosis during vascular remodelling. 3, 5, 6 A better understanding of the factors that modulate SMC responses could be valuable for the prevention and/or treatment of vascular disorders. It is well-established that exercise benefits the cardiovascular mortality and morbidity. 7 -9 Aerobic exercise training has benefits regarding the reduction of risk factors for cardiovascular disease. 9 -12 Aerobic exercise training also improves vascular tone and function, and reduces restenosis after percutaneous coronary intervention. 13 -17 A plausible explanation is that this type of exercise promotes shear stress leading to eNOS activation and nitric oxide production. However, it has also been shown that resistance exercise training, which is associated with glycolytic muscle hypertrophy and strengthening, can have vascularprotective effects as well. 10,18 -20 Whereas strength training is recommended as a complement to aerobic exercise for the reduction in cardiovascular risk, 21 the regulatory mechanisms that contribute to the cardiovascular-protective actions of glycolytic muscle are unknown. It has been suggested that skeletal muscle secretes various bioactive substances, also referred to as myokines, that may act on nearby and remote organs. 22, 23 Presumably, myokine release, in response to aerobic or resistance exercise, functions to promote systemic adaptations to the increase in muscle activity. Previously, we have shown that the secreted glycoprotein follistatin-like 1 (Fstl1), also referred to as TSC-36, exerts cardiovascular-protective activities in the models of ischaemia and pathological cardiac hypertrophy. 24 -27 Here, we document that skeletal muscle is a major source of secreted Fstl1 in plasma and show that skeletal muscle-derived Fstl1 is protective in a model of injury-induced vascular intima proliferation using genetic models that specifically ablate or overexpress this factor in muscle. We conclude that skeletal muscle secretes protein factors, such as Fstl1, that may contribute to the cardiovascular-protective actions.
Methods
Please refer an expanded Methods section in the Supplementary Material online.
Mouse model of vascular injury
To generate muscle-specific Fstl1 deficient mice (Fstl1-KO), mice with loxP sites flanking the exon 1 of the Fstl1 gene (Fstl-1 flox/flox ) 26, 28 were crossed with mice overexpressing Cre recombinase under the control of the MCK promoter (MCK-Cre) (Jackson Laboratory). Muscle-specific Fstl1 transgenic (Fstl1-TG) mice expressing full-length murine Fstl1 cDNA with MCK promoter in the background of C57BL/6J were used for this study. 26 Mice at the ages of 8 -12 weeks were subjected to wire injury operation as previously described. 29 Briefly, after anaesthetization (pentobarbital 50 mg/ kg i.p.), the adequacy of anaesthesia was confirmed by a lack of withdrawal response to toe pinch during the surgical procedure. Then, a straight spring wire was inserted into the left femoral artery to denude and dilate the artery. Buprenorphine at 0.25 mg/kg was administered before surgery and after surgery for analgesia every 8 h for 48 h. After 3 weeks, mice were sacrificed to analyses. Study protocols were approved by the Institutional Animal Care and Use Committee at Nagoya University. Our study conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, 8th Edition, 2011).
Histological assessment
After mice were sacrificed using an overdose of pentobarbital, the arteries were excised and embedded in paraffin. Sections were stained with haematoxylin -eosin (H -E) or MOMA-2 antibody. The cross-sectional area of the blood vessel layers, including the intimal and medial areas, were measured as previously described. 29 The number of infiltrated macrophages to injured arteries was evaluated by dividing the number of MOMA-2-positive cells by the number of total cells in neointima.
Detection of cell proliferation in vivo
In vivo bromodeoxyuridine (BrdU) labelling was performed to identify proliferating cells in wire-injured artery by detection of the DNA synthesis.
BrdU (40 mg/g mouse) was injected intraperitoneally 24 h before preparation of the artery. BrdU-labelled and unlabelled cells in neointima were counted. The BrdU labelling index was calculated by dividing the number of BrdU-labelled cells by the number of total cells as described previously. 29 
Preparation of recombinant human FSTL1 protein
The pMIB/V5-His insect cell expression vector expressing full-length human FSTL1 cDNA lacking signal peptide tagged with FLAG at the C terminus was transfected into insect Sf9 cells, and a stable cell line was generated by blasticidin selection as previously described. 27, 30 The culture supernatants were collected and incubated with anti-FLAG M2 affinity gel (Sigma). FSTL1 protein was eluted by incubation with 3 × FLAG peptide (Sigma) and dialyzed with PBS. 
Cell culture and treatment

Proliferation assays
Cell number was assessed by MTS-based assay. DNA synthesis was measured with a BrdU proliferation assay kit according to the instruction of manufacturer. 29 HASMCs were pre-treated with FSTL1 protein or vehicle for 10 h and stimulated with PDGF-BB or HB-EGF for the indicated lengths of time.
Cell migration assays
Directional cell migration of HASMCs was simulated using an in vitro scratchwound assay as previously described. 29, 34 Chemotaxis of HASMCs was assessed by transwell assay with polycarbonate membranes coated with fibronectin. 34 HASMCs were added to the upper chamber, and serumdeprived media supplemented with PDGF-BB or vehicle was added to the lower chamber. Cells were allowed to migrate through the pores of the membrane for 4 h.
Determination of mRNA levels
Gene expression levels were quantified by quantitative real-time PCR method. PCR procedure was performed with a Bio-Rad real-time PCR detection system using THUNDERBIRD SYBR qPCR Mix as a double-standard DNA-specific dye.
Western blot analysis
Tissue or cell samples were homogenized in lysis buffer containing 1 mM PMSF. The equal amounts of proteins or plasma were subjected to SDS -PAGE and transferred to PVDF membranes. The membranes were incubated with the indicated antibodies, followed by incubation with the secondary antibody conjugated with horseradish peroxidase.
Statistical analysis
Data are presented as mean + SE. Differences between groups were evaluated by the Student's t-test or analysis of variance with Fisher's protected least significant difference test. A P-value ,0.05 denoted the presence of a statistically significant difference. ) mice were subjected to wire-induced arterial injury. Plasma levels of Fstl1 in Fstl1-KO mice were decreased by 52% compared with those in control mice ( Figure 1A ). Fstl1 protein levels in skeletal muscle of Fstl1-KO mice were decreased by 90% compared with those in control mice. Thus, it is likely that skeletal muscle is a major source of circulating Fstl1. Figure 1B shows representative pictures for HE-stained sections of femoral arteries isolated from Fstl1-KO and control mice at 21 days after operation. Quantitative analysis of neointimal thickening revealed that the intimal/medial area (I/M) ratio was significantly increased by 85% in injured femoral artery of Fstl1-KO mice compared with that of control mice ( Figure 1B) . The percent luminal narrowing in injured vessels was also increased by 35% in Fstl1-KO mice compared with control mice.
To evaluate the proliferative status of neointimal cells, BrdU staining was performed in sections of wire-injured femoral artery from Fstl1-KO and control mice. The number of BrdU-positive proliferating cells in the neointima was significantly higher by 35% in Fstl1-KO mice than in control mice ( Figure 1C ). These findings indicate that reduced levels of plasma Fstl1 leads to enhancement of cell proliferation and exacerbation of neointimal thickening in response to vascular injury.
To assess the contribution of inflammatory status to increased neointima formation after injury in Fstl1-KO mice, macrophage frequency was Follistatin-like 1 and neointimal formation determined by staining with an antibody for MOMA-2, a marker of monocytes and macrophages. Fstl1-KO mice showed 3.0-fold increase in the frequency of MOMA-2-positive cells in the neointima compared with control mice (Supplementary material online, Figure S1A and B). Consistently, mRNA level of another macrophage marker CD68 was significantly higher in injured arteries of Fstl1-KO mice than in those from control mice, which was accompanied with increased expression levels of TNF-a, IL1b, and MCP-1 (Supplementary material online, Figure S1C ). These results indicate that reduced plasma levels of Fstl1 leads to increased proinflammatory responses in injured arteries.
Overexpression of Fstl1 in skeletal muscle leads to attenuated neointimal hyperplasia in response to injury
To investigate the effects of muscle-derived Fstl1 overexpression on neointimal thickening after vascular injury in vivo, muscle-specific Fstl1-TG and control WT mice were subjected to wire-induced arterial injury. Plasma levels of Fstl1 were 6.9-fold higher in Fstl1-TG mice than in WT mice (Figure 2A) . Figure 2B shows representative pictures for HE-stained sections of femoral arteries isolated from Fstl1-TG and WT mice at 21 days after operation. Quantitative analysis of neointimal hyperplasia demonstrated that the I/M ratio was significantly reduced by 64% in injured femoral artery of Fstl1-TG mice compared with that of WT mice ( Figure 2B ). The percent luminal narrowing in response vascular injury was also suppressed by 40% in Fstl1-TG mice compared with control mice. Furthermore, the number of BrdU-positive proliferating cells in the neointima was significantly lower by 74% in Fstl1-TG mice than in WT mice ( Figure 2C ). These observations indicate that overproduction of plasma Fstl1 inhibits cell proliferation in damaged vessels, thereby leading to attenuation of neointimal hyperplasia following vascular injury.
FSTL1 attenuates proliferation and migration of SMCs
To investigate the effects of Fstl1 on SMC growth at a mechanistic level, HASMCs were treated with recombinant human FSTL1 protein, produced from insect cells, or vehicle followed by stimulation with PDGF-BB. The dose of FSTL1 protein used for these experiments (100 and 250 ng/ml) is similar to levels of circulating FSTL1 in healthy subjects and patients with acute coronary syndrome or systemic juvenile idiopathic arthritis. 35, 36 Levels of DNA synthesis in HASMCs were measured by BrdU incorporation assay. Pre-treatment of HASMCs with FSTL1 protein reduced PDGF-BB-stimulated DNA synthesis in a dosedependent manner ( Figure 3A) . FSTL1 treatment also decreased HB-EGF-induced DNA synthesis in HASMCs ( Figure 3A) . Similarly, pretreatment with FSTL1 protein significantly attenuated the PDGF-BBstimulated increase in HASMC number as assessed by MTS-based assay in a dose-dependent manner ( Figure 3B) .
To examine the effect of FSTL1 on HASMC migration, in vitro scratchwound and transwell chamber assays were performed. Treatment with FSTL1 protein significantly reduced the number of migrated HASMCs following stimulation with PDGF-BB in the scratch-wound assay ( Figure 3C) . Likewise, transwell assay revealed that FSTL1 decreased HASMC migration in response to PDGF-BB ( Figure 3D ). Because ERK activation is essential for proliferative properties of SMCs, 37 the phosphorylation levels of ERK at Thr202/Tyr204 were evaluated by western blot analysis. Treatment of HASMCs with FSTL1 protein significantly suppressed ERK phosphorylation levels in response to PDGF-BB stimulation (Figure 4) . Collectively, these data show that treatment with human FSTL1 protein suppresses proliferative and migratory activities of HASMCs.
FSTL1 suppresses SMC proliferation through activation of AMPK
Because AMPK activation is reported to modulate SMC function, 38 -41 the phosphorylation levels of AMPK at Thr-172 were assessed by western blot analysis. Treatment of HASMCs with FSTL1 protein increased AMPK phosphorylation, which was accompanied by enhanced phosphorylation of an AMPK downstream molecule, acetyl-coenzyme A carboxylase (ACC), at Ser-79 ( Figure 5A ). Quantitative analysis showed that FSTL1 treatment significantly increased the phosphorylation of AMPK and ACC in a time-dependent fashion with maximal levels occurring at 5 min after stimulation with Fstl1 ( Figure 5B) .
To investigate the involvement of AMPK signalling in anti-proliferative function of FSTL1, HASMCs were transduced with adenoviral vectors producing a dominant-negative mutant protein of AMPK tagged with c-myc (Ad-dn-AMPK) or b-galactosidase (Ad-b-gal), followed by treatment with FSTL1 protein or vehicle. Transduction with Ad-dn-AMPK were treated with or without recombinant human FSTL1 protein (100 or 250 ng/ml) for 10 h followed by stimulation with PDGF-BB (10 ng/ml), HB-EGF (10 ng/ml), or vehicle for 24 h. Cells were labelled with BrdU during the last 22 h of the culture period. (B) Effect of FSTL1 on the number of HASMCs. HASMCs were treated with or without recombinant FSTL1 protein (100 or 250 ng/ml) for 10 h followed by stimulation with PDGF-BB (10 ng/ml) or vehicle for 20 h. The numbers of HASMCs were assessed by MTS-based assay. (C) Effect of FSTL1 on the migratory activity of HASMCs. HASMCs were cultured on fibronectin-coated glass dishes, pre-treated with FSTL1 protein (250 ng/ml) or vehicle for 10 h, and scratched with a pipette tip. Wounded cells were incubated with PDGF-BB (10 ng/ml) or vehicle for 10 h. n ¼ 3 in each group. (D) Effect of FSTL1 on the chemotactic activity of HASMCs. HASMCs were pre-incubated in the transwell in the absence or presence of FSTL1 protein (250 ng/ml) for 10 h followed by treatment with PDGF-BB (10 ng/ml) or vehicle for 4 h. n ¼ 6 in each group. Data are presented as mean + SE.
abolished FSTL1-induced phosphorylation of ACC in HASMCs ( Figure 5C ). Transduction of HASMCs with Ad-dn-AMPK also abrogated the inhibitory effects of FSTL1 on PDGF-BB-stimulated DNA synthesis ( Figure 5D) . Similarly, transduction with Ad-dn-AMPK reversed FSTL1-mediated inhibition of HASMC proliferation assessed by MTS assay ( Figure 5E ). Finally, transduction with Ad-dn-AMPK also restored the suppressive effects of FSTL1 on ERK phosphorylation levels in response to PDGF-BB ( Figure 5F ). Collectively, these results show that FSTL1 inhibits SMC proliferation through an AMPK-dependent mechanism.
Fstl1 attenuates neointimal hyperplasia through AMPK-dependent mechanism
To investigate the involvement of AMPK signalling in Fstl1-mediated suppression of neointimal hyperplasia in vivo, phosphorylation levels of AMPK and ACC in wire-injured femoral artery were assessed by western blot analysis. Fstl1-KO mice exhibited a reduced phosphorylation of AMPK and ACC in injured arteries compared with control mice ( Figure 6A) . In contrast, Fstl1-TG mice showed an enhanced phosphorylation of AMPK and ACC in injured arteries compared with WT mice ( Figure 6B) . We also injected compound C, an AMPK inhibitor, or vehicle into the peritoneal cavity of WT and Fstl1-TG mice. Although administration of compound C led to a trend towards an increase in I/M ratio in injured artery in WT mice, it was not statistically significant. On the other hand, treatment with compound C significantly reversed the reduced I/M ratio of Fstl1-TG mice in response to injury ( Figure 6C ). These findings suggest that Fstl1 attenuates the process of neointimal hyperplasia through AMPK-dependent mechanism in vivo.
Discussion
The current study provides the first evidence that muscle-derived Fstl1 negatively regulates the development of pathological vascular remodelling in a mouse model of arterial injury. Muscle-specific deficiency of Fstl1 led to the reduction of circulating Fstl1 levels and enhancement of neointimal hyperplasia and vascular cell proliferation in wire-injured arteries. Conversely, muscle-specific overexpression of Fstl1 led to the elevation of plasma Fstl1 levels and reduction of neointimal formation and vascular cell proliferation in response to injury. Furthermore, recombinant FSTL1 protein significantly suppressed SMC proliferative and migratory activities in response to growth factor stimulation. These data suggest that Fstl1 acts as a myokine that can protect against the progression of vascular diseases by directly affecting SMC behaviour.
We have previously shown that systemic administration of Fstl1 to mice attenuates pathological myocardial remodelling following acute ischaemia or pressure overload. 25 -27 We have also demonstrated that Fstl1 inhibits the apoptotic activities of endothelial cells and cardiomyocytes. 24, 27 The present study makes two novel observations. First, these data show that Fstl1 can function to negatively regulate the formation of neointimal vascular lesions following injury, at least in part, by its ability to inhibit SMC proliferation. Secondly, these data show that skeletal muscle is a major source of Fstl1 production that is capable of secreting physiologically relevant levels of this factor. Thus, Fstl1 appears to function as a myokine, exerting cardiovascular-protective actions in an endocrine manner. It has been shown that several myokines play roles in inter-tissue communication and that changes in circulating myokine production contribute to the whole-body homeostasis. Physical exercise increases the production of IL-6 in skeletal muscle, which can regulate glucose metabolism by acting on the remote tissues including liver, intestine and pancreatic islet. 22, 42 Muscle-derived overproduction of IL-15 contributes to reduction of adiposity. 43 The insulin-sensitizing plasma protein FGF-21 is abundantly expressed in murine skeletal muscle and is also secreted from human skeletal muscle. 44, 45 Furthermore, aerobic exercise-inducible elevation of PGC-1a expression in skeletal muscle leads to increased production of irisin, which has been reported to drive brown-fat-like development of white fat and improves glucose metabolism, 46 however, recent studies have cast doubt about the induction of irisin by exercise. 47 Thus, muscle tissue can communicate with other metabolic organs by releasing these myokines, and some of these metabolic myokines appear to mediate the salutary effects of exercise on metabolic diseases. The results of our study show that Fstl1 inhibits the proliferation of SMC through the activation of AMPK signalling. Other studies have shown that AMPK signalling plays a crucial role in the regulation of SMC function.
38 -41 AMPK activator 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) reduces SMC proliferation induced by PDGF-BB and fetal calf serum. 38 AICAR also inhibits angiotensin II-induced proliferation and ERK activation of SMCs. 39 Moreover, SMCs isolated from aorta of AMPKa2-deficient mice exhibit an increase in proliferative property. 40 Furthermore, it has been shown that systemic injection of AICAR suppresses neointimal thickening after wire injury of rat femoral artery. 39 Conversely, AMPKa2-deficiency contributes to the augmented neointimal hyperplasia after wire injury of carotid artery, which is accompanied with reduced levels of P27 Kip1 , a negative regulator of cell cycle. 40 Our data demonstrate that Fstl1 enhances the activating phosphorylation of AMPK in SMCs and that blockade of AMPK activation reverses the effects of Fstl1 on growth activity and ERK Follistatin-like 1 and neointimal formation phosphorylation in SMCs. Our pilot data also showed that FSTL1 increased the protein levels of P27 Kip1 (data not shown). Thus, Fstl1 may suppress the proliferative responses of SMCs in vitro, at least in part, via activation of AMPK. Our in vivo data showed that overproduction of circulating Fstl1 leads to activated AMPK signalling and reduced neointimal formation in injured arteries, whereas the pharmacological inhibition of AMPK blocked the anti-proliferative actions of Fstl1. Taken together, these data suggest that Fstl1 exerts a negative impact on the development of neointimal hyperplasia following vascular injury in vivo through its ability to activate AMPK in SMCs. Consistent with our observations, Fstl1 has been shown to influence cellular phenotype and function via modulation of AMPK signalling in other contexts. Fstl1 has been shown to inhibit hypertrophy and promote the survival of cardiomyocytes via the activation of AMPK. 26, 27 Furthermore, Fstl1 attenuates agonist-stimulated production of inflammatory cytokines in myocytes and macrophages through its ability to activate AMPK. 27 Taken together with our present findings, the Fstl1-AMPK regulatory axis may play a role in the control of various disease processes including cardiovascular remodelling and inflammatory responses. Notably, the effect of Fstl1-deficiency on I/M ratio is greater than that on BrdU labelling index (Figure 1) . Because Fstl1 displays an anti-migratory function in SMCs, these effects may have a greater contribution to Fstl1's effect on neointima formation than its anti-proliferative activity. Furthermore, inflammatory responses play a crucial role in the vascular remodelling after mechanical arterial injury, and systemic depletion of macrophages are reported to reduce neointimal hyperplasia and restenosis. 48 In the present study, Fstl1-KO mice exhibited an increased accumulation of macrophages in injured artery with accompanying increases in proinflammatory cytokine expression. Thus, it is plausible that exacerbation of inflammatory response contributes to the progression of neointimal thickening caused by Fstl1-deficiency. We note that there are a number of limitations in the interpretation of our study. A relatively aggressive model for vascular disease (i.e. wireinduced injury model) was used in this study, and it is unknown whether exercise can affect vascular stenosis in this model. Furthermore, there is no evidence that resistance exercise training in human can increase circulating Fstl1 concentrations to the levels that are observed in mice overexpressing Fstl1. Our data demonstrated that Fstl1-KO mice show reduced phosphorylation of AMPK in the injured vessel wall, and the systemic delivery of an AMPK inhibitor attenuated the suppressive effects of Fstl1 on neointimal formation in response to injury. However, it is conceivable that in addition to SMCs, Fstl1 may affect AMPK signalling in other types of cells in injured vasculature and its nearby or remote organs, including macrophages. Thus, further investigation is required to understand the mechanisms by which musclederived Fstl1 mediates the effects of exercise on cardiovascular disorders.
In conclusion, we demonstrated that Fstl1 reduces neointimal hyperplasia in injured arteries in vivo and that Fstl1 inhibits proliferation and migration of SMCs in vitro. Fstl1 has been shown to display salutary actions on endothelial cell function, acute cardiac injury, and myocardial hypertrophic response. 24, 26, 27 Taken together, these data indicate that Fstl1 could have utility as a therapeutic target for manipulation of pathological conditions of cardiovascular systems.
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